We have demonstrated experimentally and theoretically that the hybrid ytterbium/Brillouin gain can contribute to partial mode locking in the high-loss ytterbiumdoped fiber laser. With only few cavity modes contained within the Brillouin gain curve, the dynamics of self-pulsing was not observed for the stimulated Brillouin scattering signal generated by each pump mode in the experiment. The results from two different experimental schemes show that both the Brillouin and ytterbium gains are required to support enough Brillouin pump and stokes cavity modes for partial mode locking. We also show that it is the coupling between the stimulated Brillouin scattering of the neighboring Brillouin pump modes that plays a direct role in the partial phase synchronization between different stokes modes. Furthermore, we proposed a theoretical model about the partially mode-locked laser dynamics. Based on the model, the numerical results agree quantitatively with the experimental ones. It is also found numerically that the extent of the phase synchronization can be enhanced by the cascaded stimulated Brillouin scattering according to the same physical mechanism.
Introduction
In recent years, much effort has been deployed to study various dynamic behaviors in fiber lasers, such as mode locking and Q-switching [1] - [4] . There are a lot of effective ways to realize them based on various nonlinear effects. Stimulated Brillouin scattering (SBS) is under intensive investigation for its responsibility for a large class of dynamic behaviors in different kinds of optical fiber systems, such as self-pulsing (or called "spontaneous mode locking") in cw-pumped single-mode long passive fiber cavities with a large number of cavity modes beneath the Brillouin gain curve [5] - [7] , and passive Q-switching in much short ytterbium-doped fiber lasers [8] - [12] . For high-loss ytterbium-doped fiber lasers with conventional cavity configuration [10] , [11] , almost every single Q-switched intense pulse consists of a train of subpulses with interpulse time interval equal to the cavity round-trip time, which was attributed to the SBS dynamic instability in general terms. On the one hand, due that only few cavity modes are contained beneath the Brillouin linewidth in that case, no self-pulsing would happen for the SBS signal generated by each one Brillouin pump mode [7] . On the other hand, the cavity modes of stokes light are supported by both the Brillouin and ytterbium gains in the ytterbium-doped fiber laser. Hence, influences of the hybrid ytterbium/Brillouin gains on the phase synchronization of the stokes modes should be considered, but to our knowledge, no detailed analysis of this phenomenon has been carried through up to now.
In this letter, we demonstrate experimentally and theoretically that hybrid ytterbium/Brillouin gain can support the partial mode locking in the high-loss ytterbium-doped fiber laser. The experimental results reveal that no self-pulsing is observed for the SBS signal generated by each pump mode, and that both the Brillouin and ytterbium gains are required to support enough Brillouin pump and stokes modes for the partial mode locking in the ytterbium-doped fiber laser. It is also presented experimentally that the direct mechanism for the partial phase synchronization between different stokes modes is the coupling between the SBS of the neighboring Brillouin pump modes due to the spectral overlap of Brillouin gain. Hence, such mode-locked instability is different from the self-pulsing dynamics observed for the SBS signal generated by each Brillouin pump mode. Furthermore, we propose a theoretical model about the hybrid ytterbium/Brillouin gain-based partially mode-locked laser dynamics. Based on the model, the numerical results agree well with the experimental ones, and present that the extent of the phase synchronization for the high-order stokes components can be enhanced by the cascaded SBS process according to the same mode-locked mechanism.
Experimental Setups
Two different experimental configurations of polarization-maintaining ytterbium-doped fiber laser systems are illustrated in Fig. 1 . The main difference between the two cases is whether the single mode polarization-maintaining double-clad ytterbium-doped fiber (YDF) is placed within the ring cavity or not, while the other system parameters are kept the same. As shown in Fig. 1(b) , the second scheme is designed to verify whether the dynamics of self-pulsing will occur for the SBS signal generated by each pump mode in the case that only Brillouin gain dominates in the ring cavity. The length of YDF in each configuration is around 10 m. Hence the total length of the ring cavity for each case is about 12 m with the mode spacing of approximately 15 MHz, indicating that there are about two or three ring-cavity modes within the Brillouin gain curve because the full bandwidth of the Brillouin gain spectrum is about 32 MHz at 1080 nm for the silica fiber (corresponding to the phonon lifetime of 5 ns) [13] . In order to excite the SBS, we employ the distributed Rayleigh feedback to narrow the laser linewidth [8] . The linewidth-narrowing is achieved with the linear cavity formed by a piece of polarization-maintaining single-mode passive fiber (SMF) and a polarization-maintaining Fiber Bragg Grating (FBG). The length of the SMF is about 500 m, and the output port of the SMF is angle-cleaved to suppress the end-face feedback. The FBG has a central wavelength of 1080 nm with the bandwidth of 0.2 nm, and its reflectivity is about 90%. The ring cavity is constructed by a polarization-maintaining 1/99 coupler with fast axis blocked. As studied in [11] , the SBS-based Q-switched intense pulses cannot be observed in the low-loss laser cavity. Therefore, the feedback ratio for the light after one round trip inside the ring cavity is set to be about 1% for both two cases. A ð2 þ 1Þ Â 1 polarizationmaintaining combiner is used to couple the 976-nm pump light into the system.
Experimental Results and Discussions
The laser thresholds for the two different experimental cases are around 0.5 W and 0.8 W, while the SBS thresholds for them are about 0.9 W and 1.5 W, respectively. For each case, when the pump power is below the corresponding SBS threshold, the laser dynamics is similar to the experimental results observed in [10] , presenting as a train of irregularly sustained relaxationoscillation pulses with the pulse width in the microsecond range. Fig. 2 shows the details of one single pulse at the different pump powers for the two schemes. For Case 1, when the pump power is just above the laser threshold, as presented in Fig. 2(a1) and (a2), the corresponding time evolution of the output intensity shows the time-dependent beating of different ring-cavity modes with the frequency of integral multiple of the mode spacing of the ring cavity, which is verified by calculating the corresponding power spectra. As a result of the distributed Rayleigh scattering in the system, the laser signals travel bidirectionally in the ring cavity. Thus, the spatial hole burning effect (SHB) is possible to occur in the ring cavity, as well as the self-induced laser line sweeping effect (SLLS) [14] . Through careful comparison between the power spectra of different individual relaxation-oscillation pulses, it is found clearly that the composition of generated longitudinal modes is changed after switching from one pulse to another. Thus, according to the analysis in [15] , it can be concluded that the SLLS effect, namely, the SHB effect, has occurred in our experiment. As the pump power increases further but is still below the corresponding SBS threshold, more and more Brillouin pump modes of the ring cavity start operating, and the corresponding output intensity presents clearly chaotic behaviors as shown in Fig. 2(a3) . Similarly, it is also found that hopping to other different modes is confirmed for different single pulses in the pulse train by comparing the respective power spectra. Moreover, according to the theory proposed in [16] , the SHB effect will lead to generation of equivalent dynamic gain and phase gratings in the active fiber. As a result, for a certain relaxation-oscillation pulse, the effective phase grating resulted from the gain-induced refractive index change caused by all the previous gain gratings will impose a time-dependent phase change on each longitudinal mode. Because the effective gain experienced by each mode is different, the phase change is also different from each other. Thus, when each pulse contains a large number of longitudinal modes at the quite high pump power, the details of the pulse can be thought of as the interference of the modes with random phase differences, and hence show clearly a transition to chaos. For Case 2, due that the YDF is outside of the ring cavity, the ring cavity does not play a significant role in the performance of the laser like in Case 1. Hence, the whole structure of cavity modes in the laser is constructed by not only the ring cavity but also a large number of equivalent linear cavities resulted from the randomly distributed Rayleigh feedback [17] . Therefore, details of the irregular pulses can be thought of as the interference of the modes supported by different cavities with arbitrary phases and amplitudes, as shown in Fig. 2 
(b1)-(b3).
When the pump power exceeds the corresponding SBS threshold for each case, the output intensity consists of a train of self-Q-switched intense pulses, but the details of every single Q-switched pulse are clearly different for Case 1 and 2, as shown in Fig. 3 . For Case 1, every individual Q-switched intense pulse is made up of a sequence of subpulses with the pulse period equal to the round-trip time of the ring cavity, as observed in [10] and [11] . Resulted from the cascaded SBS process in the ytterbium-doped fiber laser, the Q-switched intense pulse is mainly comprised by the high-order stokes components [12] . Hence, occurrence of the structure of subpulses with pulse period equal to the round-trip time of the ring cavity suggests that a part of the stokes ring-cavity modes reach to the phase synchronization, which consequently gives rise to the partial mode locking. On the other hand, structure of mode-locked resembling subpulses is not observed for Case 2 in Fig. 3(b) , and the stochastic fluctuations distributed on the shape of the Q-switched pulse may be attributed to the superimposition of the stokes cavity modes with arbitrary phases and amplitudes which are supported by the ring cavity and other different cavities resulted from the distributed Rayleigh feedback. Moreover, it also indicates that the SBS signal generated by each Brillouin pump ring-cavity mode presents no self-pulsing in the ring cavity. In fact, the ring-cavity mode spacing for both two cases is about 15 MHz so that there are only two or three cavity modes contained beneath the Brillouin gain bandwidth. According to the theory about self-pulsing in the Brillouin fiber laser [7] , no dynamics of self-pulsing can be observed for the SBS signal generated by each one pump mode. However, for Case 1, the stokes ring-cavity modes experience both Brillouin and ytterbium gains in the ring cavity so that the actual number of the ring-cavity modes of stokes light is much larger than that for Case 2, which is verified to a certain extent by the average power spectra for both two cases presented in Fig. 4 . Therefore, because the mode spacing of Brillouin pump ring-cavity modes is less than the Brillouin gain bandwidth, the partial mode locking occurred in Case 1 may be considered as a result of the coupling between the SBS of the neighboring Brillouin pump ring-cavity modes due to the spectral overlap of the Brillouin gain. Furthermore, the influence of cascaded SBS process should also be taken into account and will be analyzed carefully in the theoretical model.
In order to prove that it is the coupling between the SBS of the neighboring Brillouin pump modes that pulls the different ring-cavity modes of the stokes components to reach to the partial phase synchronization, the experiment with the first scheme (see Case 1) is repeated but the total length of the ring cavity is reduced to 5 m, which means that the mode spacing is about 40 MHz and larger than the Brillouin bandwidth. The laser threshold occurs at the pump power of 1.3 W, and the SBS threshold is about 2.2 W. When the pump power is below the SBS threshold, the dynamics of the fiber laser is similar to that for Case 1, presenting as the beating of the Brillouin pump ring-cavity modes and chaos at the different pump powers. As the pump power increases above the SBS threshold, the output intensity likewise consists of a train of Q-switched gigantic pulses. However, as shown in Fig. 5 , the details of every individual Q-switched pulse present no mode-locked resembling subpulses with the inter-pulse interval equal to the ringcavity round-trip time, which is absolutely distinct from that for Case 1. In addition, a relatively low intensity peak occurs in advance of the principal Q-switched intense pulse with around 100 ns, as well as for Case 1 and 2, which is usually considered as the prelasing signature [8] .
Comparison between the experimental results presented in Figs. 3(a) and 5 tells us that no partial mode locking happens when the mode spacing of the ring cavity is larger than the Brillouin bandwidth. With the experimental results in Fig. 3(b) taken into account additionally, it appears to suggest that, as a result of the spectral overlap of the Brillouin gain, the coupling between the SBS of the neighboring Brillouin pump modes is the direct mechanism responsible for the partial phase synchronization between the cavity modes of the stokes components in the experiment.
Therefore, for an Yb-doped fiber laser with the total length of the cavity short enough to make sure that no self-pulsing would happen for the SBS signal generated by each Brillouin pump mode, we believe that the qualitative process of the partial mode locking observed in the experiment can be elucidated by the following model with the influence of cascaded SBS process taken into account. First, with the pump power increasing above the laser threshold but still below the SBS threshold, there is an increasing number of Brillouin pump modes, amplified by the ytterbium gain, oscillating in the laser cavity. When the pump power increases above the SBS threshold, the most powerful pump mode excites the SBS noise firstly, and then the seed of the first-order stokes component is amplified by both the Brillouin and ytterbium gains, resulting in that the real number of stokes cavity modes oscillating is much larger than that supported by only the Brillouin gain. With the mode spacing of the stokes cavity modes less than the Brillouin gain bandwidth, each pump mode can exchange power with several adjacent stokes cavity modes which are located beneath the Brillouin gain curve. Moreover, because the mode spacing of the Brillouin pump modes is approximately equal to that of the stokes modes in the laser cavity, there exists spectral overlap of the Brillouin gain between the neighboring Brillouin pump modes. As a result, different cavity modes of the first-order stokes component are correlated by the coupling between the SBS of the neighboring Brillouin pump modes and pulled to reach to the phase synchronization in part. In the same way, for the second-order stokes component, the amplified first-order stokes component plays the role of Brillouin pumping and pulls the cavity modes of the second-order stokes component to be more correlative by the coupling between the SBS of its neighboring cavity modes. Similarly, the mentioned-above mode-locked mechanism also applies to the higher-order stokes components, which eventually gives rise to the partial mode locking observed in the experiment. As a whole, both the ytterbium and Brillouin gains are required to realize the partial mode locking in the ytterbium-doped fiber laser with relatively short cavity configuration.
On the other hand, as discussed above, the SHB effect occurs in the experiment. Thus, it is necessary to analyze the influence of the SHB effect on the partial mode locking process observed in our case. According to the theory proposed in [15] and [16] , the lifetime of dynamic gratings is determined by the lifetime of the upper level of the laser transition and is about 0.8 ms for Yb-doped fiber lasers. Moreover, it should be noted that it is the gain grating that selects different composition of longitudinal modes for different relaxation-oscillation pulses, namely determining the generation of the next pulses. Meanwhile, the phase grating will impose a linear frequency chirp within each pulse. Due to the high enough peak power and narrow width of the instantaneous laser spectrum, SBS is observed with increasing the pump power. As a result, the laser dynamics presents a clear transition from relaxation oscillation to self-Q-switched gigantic pulses which are mainly comprised by the high-order stokes components. The average pulse duration of each Q-switched pulse is about 200 ns, which is much less than that of the relaxation oscillation pulse (about 10 s). Therefore, it is reasonable to consider the effective gain and resultant phase gratings to be stationary during the whole duration of each Q-switched pulse. Thus, the partial mode locking process observed within each Q-switched pulse is mainly defined by the coupling between the SBS of the neighboring Brillouin pump ring-cavity modes due to the spectral overlap of the Brillouin gain and cascaded SBS process. Furthermore, the excited acoustic wave during the SBS process decays rapidly with a lifetime of about 5 ns in silica-based optical fiber, which is much less than the average period of Q-switched pulses (about 200 s).
Thus, it indicates that the SBS of the adjacent Q-switched pulses is totally independent, which is clearly different with the process of the dynamic gratings. As a whole, we can conclude that the dynamic gratings induced by the SHB effect impose little influence on the partial mode locking process observed in our experiment.
Theoretical Model and Numerical Results
In order to verify the aforementioned qualitative deductions, we propose a theoretical model about the hybrid ytterbium/Brillouin gain-based partially mode-locked laser dynamics in an ytterbium-doped fiber ring laser. In our model, the dynamic mechanisms considered mainly include the population inversion, laser amplification, cascaded SBS process, spontaneous emission noise, and SBS noise. Furthermore, because the stokes components originate mainly from the SBS of the laser signal, hence we assume that only the laser signal comes from the spontaneous emission noise. Besides, the YDF in the ring cavity is much longer than the passive fiber (the pigtails of the coupler and pump combiner); hence, we assume that it is reasonable to neglect the difference between the SBS frequency shifts in the ytterbium-doped and passive fibers. Total three orders of the SBS process are considered in the model, and the final set of temporal-spatial equations describing the laser dynamics are given by [12] , [13] , [18] AE @A
where g k ¼ ð ek þ ak ÞN 2 À ak N 0 . s and p is the absorption coefficients of the YDF at the laser and pump wavelengths; c is the velocity of light in vacuum; g and p are the group velocities of the laser and pump light; 1 and 2 are the coupling coefficients of the SBS process [13] ; À B is the acoustic damping rate; f ap ; ep g and f ak ; ek g are the absorption and emission cross sections at the pump ð p Þ and laser ð k Þ wavelengths; A is the doped cross-section area; À p ðÀ s Þ is the overlapping factor between the pump (laser) and the fiber doped area; N 0 is the ytterbium dopant concentration and assumed to be uniform along the YDF, and N 2 is upperlevel population; is the upper-level lifetime. P p ðz; t Þ is the pump power; fA k ðz; tÞ; k ¼ 0; 1; 2; 3g are the complex amplitudes of the light waves at the lasing ðk ¼ 0Þ and at the three-order SBS-shifted (k ¼ 1; 2; 3) frequencies, and are normalized to make P k ¼ jA k j 2 , where P k are the corresponding powers; fQ k ðz; t Þ; k ¼ 1; 2; 3g are the complex amplitudes of the acoustic waves corresponding to the three-order cascaded SBS processes. The superscript "þ" denotes the anticlockwise propagation and "À" denotes clockwise propagation, respectively. k is set to be 1 only when k equals to 0, otherwise, k is set to be 0. The spontaneous emission noise f AE SE ðz; t Þ and Langevin noise sources ff AE k ðz; tÞg are both Gaussian stochastic processes with zero mean and, therefore, satisfy [18] , [19] 
Á is the bandwidth of the laser signal; k B is the Boltzmann constant; T is the environmental temperature; 0 is the average material density; v A is the velocity of the acoustic wave in fiber; and A eff is the acousto-optic effective area.
Based on the theoretical model mentioned above, we simulated numerically the partially mode-locked dynamics in an Yb-doped fiber ring laser with the simulation parameters corresponding to the experimental conditions in Case 1. The detailed simulation conditions are as follows: the pump scheme is likewise single-end pumping according to that in Case 1, which corresponds that we assume that only P À p is taken into account (of course, we can also assume that only P þ p is considered); the simulation parameters of the YDF match entirely with the real fiber parameters of the YDF employed in Case 1; the total cavity length and the feedback ratio in the simulation are also the same with those in Case 1. The simulation results under the aforementioned conditions are shown in Fig. 6 . It should be clarified that, because there are two counter-propagation groups of laser-stokes components, i.e., fA
g, in the ring cavity and the dynamics for them are similar, we only show the dynamics of the first group for simplicity.
As shown in Fig. 6 , we can see clearly that the SBS-based Q-switched pulse is mainly comprised by the high-order stokes components. More importantly, comparison among the simulated results presented in Fig. 6(a)-(d) suggests that, the detailed pulse shape of the Q-switched laser pulse [see Fig. 6(a) ] is made up of the superimposition of the laser modes with arbitrary phases, similar with the experimental details shown in Fig. 2(a3) , and consequently presents no modelocked resembling subpulses with the pulse period equal to the round-trip time of the ring cavity. However, occurrence of the structure of mode-locked resembling subpulses is evident for the SBS stokes components. Especially for the third-order stokes component, the simulated result in Fig. 6 (d) quantitatively reproduces the temporal structure of the Q-switched pulse presented in Fig. 3(a) for Case 1. Therefore, when the mode spacing of the laser cavity is less than the Brillouin gain bandwidth, the coupling between the SBS of the neighboring Brillouin pump modes due to the spectral overlap of the Brillouin gain can pull the different cavity modes of the stokes components to reach to the partial phase synchronization and the extent of synchronization can be enhanced by the cascaded SBS process, which is verified clearly by the simulated results presented in Fig. 6(b)-(d) . Furthermore, In order to prove that there are no self-pulsing for the SBS signal generated by each Brillouin pump mode in the ring cavity for both Case 1 and Case 2, we study the SBS dynamics of the Brillouin ring laser with the conditions employed in the experiment. As a result, the total cavity length L is 12 m, and the feedback for the Stokes field after one round-trip inside the ring cavity R ¼ 0:01. As presented in [7] , a linear stability analysis of the SBS coupled equations predicts that the CW state of the ring laser is unstable whenever the small-signal gain G satisfies G 1 G G G G 2 , where G 1 ¼ lnð1=RÞ and G 2 ¼ lnðð1 þ 2RÞ=3RÞ. The laser threshold is reached when G ¼ G 1 . However, this inequality is generally available for the case that the length L of the ring cavity is large enough to permit a large number of longitudinal modes N beneath the Brillouin gain curve. If N $ 1, the dynamics can be only stationary. For the case in our experiment, N is calculated to be about 2 ðL½m=5
2 ½m, where is the pump wavelength). In order to verify whether the aforementioned inequality applies to our case, we numerically solved the SBS coupled equations with the corresponding boundary conditions. The numerical results suggest that the stokes field eventually evolves to the CW state even when the gain G satisfies
Moreover, numerical simulations are also performed for the case when G 9 G 2 . Similarly, the stokes eventually tends to the CW state and presents no self-pulsed dynamics. Therefore, we can conclude that, for the case in our experiment, there is no self-pulsing for the SBS signal generated by each Brillouin pump ring-cavity mode.
At last, in order to verify numerically the experimental results presented in Fig. 5, Fig. 7 shows the simulated results when the total cavity length is reduced to 5 m with the YDF length of 4 m, which means that the mode spacing of the ring cavity increases to be about 40 MHz and is larger than the Brillouin gain bandwidth. The other simulation parameters keep the same with those used in Fig. 6 .
As shown in Fig. 7 , the SBS-based Q-switched pulse is also mainly comprised by the high-order stokes components when the cavity length is reduced to 5 m. Moreover, the output temporal characteristics of the third-order stokes component agrees qualitatively with the Q-switched pulse depicted in Fig. 5 , and is attributed to the superimposition of the stokes ring-cavity modes with arbitrary phases. Furthermore, comparison between the simulated results given in Figs. 6 and 7 suggests clearly that the extent of the phase synchronization between the cavity modes for all the stokes components decreases when the mode spacing exceeds the Brillouin gain bandwidth. It indicates that the extent of the coupling between the SBS of the neighboring Brillouin pump modes decreases due to the increasing mode spacing of the laser cavity.
Moreover, as studied in [11] , the cavity loss imposes an important influence on the dynamics of the laser. When the laser cavity is a low-loss cavity, there is no occurrence of the SBS-based Q-switched dynamics, which can be also verified by our model. It is found by our numerical results that the intensity of the highest-order stokes component dominates in the cavity with respect to the laser and the other stokes components and tends to the quasi-CW state, which is characterized by the fast oscillation resulted from the longitudinal mode beating with arbitrary phases, rapidly through the relaxation oscillation process [20] . Due that a low-loss cavity leads to the more uniform intra-cavity intensity distribution and longer cavity lifetime of the photons than the high-loss cavity [21] , the laser and the stokes components evolve to the quasi-CW state rapidly so that the sustained SBS-based Q-switching process cannot build up. Moreover, under the quasi-CW state, intensities of the laser and stokes components are not large enough to generate strong Brillouin gain for the next-order stokes component, and the ytterbium gain therefore dominates the dynamics in the cavity. As a result, there is no partial mode locking observed in the temporal output of the stokes components.
Conclusion
In conclusion, we demonstrate experimentally and theoretically that hybrid ytterbium/Brillouin gain can support the partial mode locking in a high-loss ytterbium-doped fiber laser with the mode spacing less than the Brillouin gain bandwidth. We show that both the ytterbium and Brillouin gains are required to support enough Brillouin pump and stokes cavity modes in the ytterbium-doped fiber laser. Moreover, further experimental and numerical results indicate that it is the coupling between the SBS of the neighboring Brillouin pump modes that pulls the stokes modes to reach to the partial phase synchronization and the extent of the phase synchronization for the high-order stokes components can be enhanced by the cascaded SBS process according to the same mode-locked mechanism, which eventually give rise to the partial mode locking observed in the ytterbium-doped fiber laser with relatively short cavity configuration. 
